Collective evidence has strongly suggested that deep brain stimulation (DBS) is a promising therapy for Tourette syndrome.
S urgical therapies for Tourette syndrome have been used since the early 1960s. Ablative procedures were initially used to target specific areas of the brain; these approaches revealed inconsistent, but in many cases reasonably positive, clinical outcomes, particularly on motor tics. Ablative surgical procedures did not become mainstream and largely disappeared from the treatment arsenal for Tourette syndrome. 1 Although DBS is a promising therapy for Tourette syndrome, critical questions remain unanswered. In addition, insurance reimbursement for the procedure is not consistently provided (eg, in the United States). Issues that remain unresolved include selection of appropriate candidates, age, brain target for individual symptoms, and optimal stimulation parameters, as well as immediate and delayed postoperative complications. In addition, it is unresolved if DBS will play a role beyond treating motor and vocal tics. In an effort to address these questions, an international multicountry study organized by the Tourette Association of America was undertaken. The International Deep Brain Stimulation Database and Registry was launched in 2012 (https: //tourettedeepbrainstimulationregistry.ese.ufhealth.org/). 6 The main rationale driving its creation was the reality that even expert centers will perform only a small number of DBS procedures for Tourette syndrome, and thus there existed a critical need for data. These multicountry pooled data would be used in an effort to influence and improve DBS outcomes. The project aimed to combine outcome information from a variety of centers worldwide and to create a publicly available website to share data. This report describes the Tourette syndrome DBS cohort inclusive of 1-year outcome data. A recent article about the registry and database detailed the procedures and instruments used. 6 The documented variables included sex; age at onset, diagnosis, and surgery; associated comorbidities; preoperative and follow-up clinical scales at 6 and 12 months; characteristics of the surgical procedure including brain target, targeting procedure, lead location, and DBS programming parameters; and surgical and postsurgical adverse events. The YGTSS was used to measure clinical outcomes. 9 The study was approved by the University of Florida Institutional Review Board and written informed consent was obtained from the participants according to each participating institution's procedures.
Methods

Statistical Analysis
All analyses were performed using SPSS, version 23 (SPSS Inc). Data were largely normally distributed, with skewness and kurtosis values consistently between -1 and +1 for all YGTSS outcome data, with the exception of the month 24 data, which showed the total YGTSS score as slightly positively skewed (1.14) and leptokurtic (1.36). Owing to these violations of normality and the small sample size available at month 24 follow-up, outcomes were only formally analyzed for up to a 1-year interval. Sphericity and error variances were examined prior to interpreting the results. When significant violations were observed, the Greenhouse-Geisser adjustment was applied as appropriate and df appropriately adjusted. Bonferroni corrections were applied in all post hoc analyses. When interpreting the data, it was noted that the YGTSS scores were inversely associated with disease-related symptoms, such that the higher the score, the more severe the symptoms. Missing data were eliminated casewise, such that participants who were missing any data point in the model were excluded, as is standard in SPSS. Because this analysis included people who had follow-ups at 6 and 12 months, it eliminated
Key Points
Question What are the outcomes associated with deep brain stimulation in Tourette syndrome?
Findings In this study including 185 patients from 10 countries in the International Deep Brain Stimulation Database and Registry, the mean Yale Global Tic Severity Scale score improved 45.1% at 1 year after deep brain stimulation implantation. The centromedian thalamic region was the most common target of deep brain stimulation implantation (57.1%), with no differences observed between targets, while the most common adverse events were dysarthria (6.3%) and paresthesias (8.2%), with hemorrhages occurring in 1.3% of patients, infection in 3.2%, and explantation in 0.6%.
Meaning Deep brain stimulation was safe and associated with clinical improvements; a publicly available website has been released that tracks the outcomes among all participating centers.
those who had only 1 follow-up, but not both. This decision to include both 6-and 12-month data was made to provide the most meaningful interpretation of results, weighing the number of participants lost to follow-up. In addition, because each site varied on the data points collected, the numbers varied based on the variables analyzed. Although there were 185 individuals in the data set, not every site collected each data point on their participants depending on their standard assessment procedure. For the total YGTSS score, we had complete data for 89 participants, and for the motor tic and phonic tic subscores, we had complete data for 40 participants each. A post hoc power analysis in G-Power (Franz Faul, University of Kiel) showed that adequate power was achieved to detect a moderate effect size for all scales.
First, YGTSS motor tic scores were examined using repeatedmeasures analysis of variance, with time point (baseline, 6-month follow-up, and 12-month follow-up) as the withinparticipants factor, and stimulation target as the betweenparticipants factor. The effect of time and DBS target on motor symptoms was analyzed, as well as whether the effect was similar across targets (time × target interactions). Using the same method that was used with the motor tic scores, YGTSS phonic tic scores were examined using repeated-measures analysis of variance, with time point (baseline, 6-month follow-up, and 12-month follow-up) as the within-participants factor and target as the between-participants factor. Finally, the same analytical method was applied to YGTSS total scores (sum of motor tic, phonic tic, and impairment subscales of YGTSS): repeated-measures analysis of variance, with time point (baseline, 6-month follow-up, and 12-month follow-up) as the withinparticipants factor and target as the between-participants factor. Patients whose implant was placed in the anterior limb of the internal capsule (ALIC) were excluded from betweengroup comparisons owing to the small sample size. Means and descriptive statistics were used for stimulation settings and adverse effects. P < .05 (2-sided) was considered significant.
Results
To date, the International Deep Brain Stimulation Database and Registry includes 185 patients from 10 countries. Table 1 describes the cohort's characteristics. A total of 134 of 171 participants with available data were male (78.4%), with a mean (SD) age of symptom onset of 7.8 (3.5) years. The mean (SD) age at diagnosis was 12.3 (7.2) years and mean (SD) age at surgery was 29.1 (10.8) years. The 2 most common comorbidities were obsessive-compulsive disorder (97 of 151 [64.2%]) and depression (70 of 148 [47.3%]). A total of 43 of 152 participants (28.3%) met criteria for attention-deficit/hyperactivity disorder. Selfinjurious behavior was reported in 32 of 148 patients (21.6%). The most commonly targeted brain structure was the centromedian thalamic region (93 of 163 [57.1%]) (Figure) . The sample size for the fourth target (ALIC) was too small to draw conclusions (n = 4). The analysis revealed no significant outcome of target on clinical and phonic motor tic scores, suggesting that all 3 major brain targets had a similar overall outcome on the YGTSS motor tic scores (F 2,37 = 0.17; P = .85; π p 2 = 0.01) and phonic tic scores (F 2,37 = 1.23; P = .30; π p 2 = 0.06).
YGTSS Motor Tic and Phonic Tic Scores
YGTSS Total Scores
A significant outcome of time was observed on the YGTSS total score (F Abbreviations: ALIC, anterior limb of internal capsule; CM, centromedian; GPi, globus pallidus internus; YGTSS, Yale Global Tic Severity Scale. a Significant change from baseline at P < .001.
b The site that targeted ALIC only collected total YGTSS scores, so the motor tic and phonic tic subscale scores are unavailable. ALIC scores were not included in the first rows of data under "All," as they were not included in the analysis owing to small sample size. 
Adverse Events
Fifty-six of 158 patients (35.4%) reported a total of 160 adverse events during the first year of follow-up ( Table 3) . Most of these adverse events were stimulation related (48 [30.8%]), whereas 6 (3.8%) were surgery related and only 2 (1.3%) were device related. The most frequent adverse events were dysarthria, reported 17 times in 10 of 158 patients (6.3%), and paresthesias, reported 15 times in 13 of 158 patients (8.2%). All of these events were stimulation induced and transitory without major complications, and no deaths were reported. Table 3 shows all reported adverse events per target: dystonia and dyskinesias were more frequently reported in the GPi group, while paresthesias and weight gain were more frequently reported in the thalamic group. One explantation (removal) of the DBS system in the thalamic group was reported owing to infection. The overall infection rate was 2.5% (4 of 158), hemorrhage rate was 1.3% (2 of 158), and total explant rate at 1 year was 0.6% (1 of 158).
Discussion
Outcomes among patients with DBS for Tourette syndrome have been challenging to assess because so few surgical procedures are performed per center per year. The International Deep Brain Stimulation Database and Registry sought to address the paucity of data by using multicountry pooled data. The collective information was designed and shared through a common web portal. The overall goal of combining data was to make it available for long-term process improvement and outcomes. The 1-year data revealed that the population was largely male, with an age range at the time of surgery of 13 to 58 years. Associated comorbidities were commonly reported in our cohort, as expected in patients with Tourette syndrome. Obsessive compulsive-disorder was the most common comorbidity, but depression, anxiety, and attention-deficit/hyperactivity disorder were also common. The proportion of self-injurious behavior was 21.6%, lower than expected for a cohort of patients with severe disease who were selected for surgical intervention. 10 The pooled 1-year outcomes revealed an improvement of 45.1% in the YGTSS total score across all targets used. Multiple brain targets in this study resulted in similar suppression of tics. This finding was similar to published outcomes of DBS for Parkinson disease where subthalamic nucleus and GPi DBS have both proven to be viable targets for addressing motor dysfunction. 11 When considering each brain target individually, our results reported no significant differences in clinical scores between targets. Although the anterior GPi showed the greatest improvement in the YGTSS total score (50.5%) at 1 year of follow-up, followed by the centromedian thalamic region (46.3%) and the posterior GPi (27.7%), this finding could have been the result of the small sample size of patients who received the implant in the posterior GPi and the degree of baseline impairment across groups, which precludes true head-to-head comparisons. Similar results were observed in a previous systematic review, in which the anterior GPi had the highest mean change (55.3%) on the YGTSS total score when compared with other targets. 5 Unique to the diagnosis of Tourette syndrome and use of DBS was that the ventral pallidum and the centromedian thalamic region seemed to be the most optimal targets. Both have been regarded as playing important roles in nonmotor basal ganglia circuitry. The similar, but slightly less robust, tic benefit was observed in the pure motor target (dorsal pallidum). The fact that the anterior GPi would have better effects than the posterior GPi is surprising, considering the major differences in nonmotor and motor projections. 12 The benefit from ALIC stimulation was also similar to the other targets. However, the sample size of 5 patients was too small to draw firm conclusions for the ALIC as a target region. The adverse event profile across targets will be important to understand, particularly for individual patients. A high number of adverse events were reported in the registry, particularly stimulation-induced adverse events, including dysarthria in 6.3% and paresthesias in 8.2% of the cohort, and an overall infection rate of 2.5% and hemorrhagic rate of 1.3%. Our rates at 1 year were low. These rates have been reported to be higher for Tourette syndrome DBS when compared with established rates for DBS and we will need to see if our rates rise over subsequent years of follow-up.
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Limitations
There are multiple limitations when using a multinational registry and database, which included data from all available patients. The most obvious limitation is that the data come from an observational, descriptive, open-label study with data drawn from multiple sites. Another limitation is the lack of standardized inclusion criteria for inclusion in the registry. We did not consider the potential medication effects on outcomes as these data were not collected. Using data from multiple sites, which may use different surgical techniques or treatment approaches, can also affect results. This limitation could, however, be viewed as an advantage since the total number of cases was high and the experience across groups could be aggregated. However, the number of patients decreased over time, which could render results at 1 year difficult to interpret. Another limitation was that imaging data were not provided to correlate outcomes with DBS targeting; however, the participating centers have future plans to collect imaging data and to examine the active lead location vs outcome. Finally, the numbers for each target were skewed such that there were more centromedian thalamic region and anterior GPi cases. A focus of future data collection will need to be on posterior GPi and ALIC cases so that observations can be expanded, confirmed, or refined.
Conclusions
The first-year results of this multinational electronic collaboration strengthen the notion that DBS could be a potential surgical treatment for select patients with Tourette syndrome. Practitioners should be aware of the high number of stimulation-related adverse events and that these are likely reversible. Larger numbers of patients will need to receive DBS implants across multiple targets and comparison of center-to-center outcomes could help refine the therapy. Publishing multiyear outcomes to a public website (https: //tourettedeepbrainstimulationregistry.ese.ufhealth.org/) will improve access to information, improve data sharing, and, we hope, contribute to improvement in outcomes.
